Abstract-This paper reports the completion of four fundamental fluidic operations considered essential to build digital microfluidic circuits, which can be used for lab-on-a-chip or micro total analysis system ( TAS): 1) creating, 2) transporting, 3) cutting, and 4) merging liquid droplets, all by electrowetting, i.e., controlling the wetting property of the surface through electric potential. The surface used in this report is, more specifically, an electrode covered with dielectrics, hence, called electrowetting-on-dielectric (EWOD). All the fluidic movement is confined between two plates, which we call parallel-plate channel, rather than through closed channels or on open surfaces. While transporting and merging droplets are easily verified, we discover that there exists a design criterion for a given set of materials beyond which the droplet simply cannot be cut by EWOD mechanism. The condition for successful cutting is theoretically analyzed by examining the channel gap, the droplet size and the degree of contact angle change by electrowetting on dielectric (EWOD). A series of experiments is run and verifies the criterion. A smaller channel gap, a larger droplet size and a larger change in the contact angle enhance the necking of the droplet, helping the completion of the cutting process. Creating droplets from a pool of liquid is highly related to cutting, but much more challenging. Although droplets may be created by simply pulling liquid out of a reservoir, the location of cutting is sensitive to initial conditions and turns out unpredictable. This problem of an inconsistent cutting location is overcome by introducing side electrodes, which pull the liquid perpendicularly to the main fluid path before activating the cutting. All four operations are carried out in air environment at 25 V dc applied voltage.
the importance of device reliability, the actuation mechanism that imposes the least mechanical complication in the device is highly needed for microfluidics.
As MEMS technologies advanced in recent years, much attention has been drawn to using surface tension, which becomes a dominant force on the microscale, for the microfluidic actuation [4] . Micropumping has been reported using thermal control of surface tension, i.e., thermocapillary [5] , [6] . Compared to thermocapillary, however, electrical control of surface tension, i.e., electrocapillary, is much more energy efficient and advantageous for most microfluid actuations [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Among the known configurations of electrowetting, electrowetting on dielectric (EWOD), which allows for control of the wettability of liquids on a dielectric solid surface using electric potential [10] , [12] [13] [14] [15] [16] [17] [18] [19] , is considered most promising, thanks to the electrochemical inertness of the surface. Pollack et al. [10] showed that an aqueous liquid droplet could be transported with EWOD. Lee et al. [13] , [14] demonstrated micropumping by both conventional electrowetting (i.e., liquid on metal) and EWOD (i.e., liquid on dielectrics) and further reported the concept of addressable micro liquid handling technique, envisioning an eventual digital microfluidic circuits such as the one in Fig. 1 . This digital fluidic system can be used for biotechnology applications such as lab-on-a-chip or micro total analysis system ( TAS). In such digital microfluidic circuit devices, most fluidic operations can be carried out on a chip using discrete droplets rather than the usual continuous flow. Fig. 1 , for example, shows that m n different samples or reagents are introduced to digital microfluidic circuits and after several droplet-based microfluidic operations, various kinds of products can be produced on a single chip. In fact, typical fluidic operations such as pumping and mixing can be performed on the same chip by programming electric signals rather than adding up physical structures for a certain fluidic function. The proposed concept is very promising because fabrication process is much simpler with no need to build moving micromechanical parts in the device.
In order to make the digital microfluidic circuit that we proposed fully functional as a lab-on-a-chip, various fluidic operations need to be established. Among them, droplet manipulations such as creating, transporting, cutting, merging of droplets are fundamental for developing more advanced fluidic operations such as mixing, separating, and concentration control of biological samples and reagents. Transportation of water droplets by EWOD was previously demonstrated by Pollack et al. [10] and Lee et al. [13] , [14] . More recently, Fair et al. [16] and Pollack et al. [17] reported merging and generating water droplets. However, the experiment was done in silicone-oil environment, where droplet driving is much easier than in air environment. Manipulation of droplets by EWOD in air is more challenging due to the lower contact angle and higher contact-angle hysteresis than in an immiscible liquid and thus will be more general in terms of droplet driving. In this paper, we report the development of cutting, merging and creating droplets as well as transporting, completing all four fundamental operations in an air-filled environment, as illustrated in Fig. 1 . Droplet creation has been performed on chip without any external actuation. First, we analyze the droplet cutting process, propose a criterion for the cutting to occur, and verify the proposed criterion by testing fabricated devices. Second, we report the operation of droplet merging, which is applicable to mixing enhancement. Third, we also report the creation of droplet from a reservoir and discuss the added challenges compared to the cutting process. In fact, the creation of droplet is critical for the success of eventual digital microfluidic circuits we envisioned as it is analogous to analog-to-digital (A/D) converter in electronic circuits. Finally, transporting droplets is verified. All four fundamental operations were successfully performed in an air-filled environment with 25 V , much lower than the EWOD actuation voltages in air previously reported [10] , [12] [13] [14] , [16] , [17] . In this configuration, the threshold voltages at which the droplet movement is initiated are 12 V in silicone oil and 18 V in air, respectively, which are lower than those in Fair et al. [16] and Pollack et al. [17] (17 V in silicone oil and 48 V in air). We chose driving in air (versus immiscible liquid such as silicone oil) to present a more challenging scenario and be conservative in evaluating the success. However, we limited the tests with deionized (DI) water in this study.
II. THEORY

A. Electrowetting on Dielectric (EWOD)
Lippmann [20] recognized over a hundred years ago that an externally added electrostatic charge may significantly modify the capillary forces at an interface. Introduced to the MEMS community first by Matsumoto and Colgate [7] , the notion of electrical control of surface tension, i.e., electrocapillary or electrowetting, is quite attractive for microdevices because of its inherent effectiveness in microscale and simplicity in implementation. Recently, this principle was also reported valid in the configuration where the electrode is covered with a thin insulating film [21] , [22] , as illustrated in Fig. 2(a) . When an electric voltage is applied, the electric charge changes free energy on the dielectric surface, inducing a change in wettabilty on the surface and contact angle of the droplet [ Fig. 2(b) ]. This phenomenon, which we name electrowetting on dielectric (EWOD), has an excellent reversibility with many kinds of dielectric layers compared to the conventional electrowetting, where liquids contact the conductive surface directly. See Lee et al. [13] , [14] or Moon et al. [23] .
According to Lippmann's equation, the solid-liquid interfacial tension can be controlled by the electric potential across the interface, (1) where F m is the specific capacitance of the dielectric layer. For the case of EWOD, where the electric potential at no external voltage is considered zero, is equivalent to an applied voltage. At the three-phase contact line, the relation among contact angle and interfacial tensions is given by Young's equation (2) where is the solid-gas interfacial tension and the liquid-gas interfacial tension. By substituting (1) into (2), the change of contact angle (cosine of contact angle, to be exact) by the electric potential can be described: (3) where denotes the equilibrium contact angle at V F m the permittivity of vacuum, the dielectric constant of the dielectric layer, and its thickness. Note in (3) that the contact angle change is not related to the polarity of the applied potential .
B. Moving a Droplet
A discrete liquid (droplet or liquid column) in a channel can be moved (i.e., pumped) by asymmetrically changing the interfacial tension. Several methods for changing the interfacial tension (e.g., thermocapillary [5] , [6] or electrocapillary/electrowetting [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] ) have been introduced to move a discrete liquid. No matter which method is used to change the interfacial tension, the asymmetric change in the interfacial tension induces an asymmetric deformation of the liquid meniscus, which establishes a pressure difference inside liquid, giving a rise to bulk fluid movement [see Fig. 8(b) ].
C. Droplet Formation: Consideration of Hydrodynamic Instability
An essential requirement for digital microfluidics we proposed is that discrete droplets be created from a continuous (i.e., bulk) state in the configuration of the present parallelplate channel. We first analyze if droplets can be formed spontaneously by hydrodynamic instability. It is relatively well understood how a long liquid column in air (e.g., a liquid jet issued to the air) behaves, as shown in Fig. 3(a) . Being hydrodynamically unstable, a long liquid column does not keep its shape but readily breaks into beads. Jones et al. [24] demonstrated that a long liquid column on a solid surface pulled out of a large droplet or reservoir by dieletrophoretic force spontaneously breaks into beads (droplets) as soon as the dielectric force is turned off [ Fig. 3(b) ]. In the present study, however, liquid is placed and squeezed in a parallel-plate channel. The channel is defined by the top and bottom plates, but there are no side walls [see Fig. 3(c) ]. In order to see whether droplets can be spontaneously created from the liquid column in the present configuration of the parallel-plate channel, we need to analyze hydrodynamic instability of the long liquid column. This in-stability can be determined by considering the pressure variations in the liquid column when it is perturbed by a small periodic disturbance of wavelength . As illustrated in Fig. 3(d) , the liquid column will be deformed by infinitesimal perturbation from to (4) where is the amplitude of the perturbation and . The system will be stable if the pressure at the region of greatest lateral extension, such as A in Fig. 3(d) , is greater than that at the region of greatest lateral contraction, such as B. Then, the liquid will flow from the high pressure region A to the low pressure region B. As a result, the original straight shape will be restored. Thus, it is necessary to calculate this pressure difference at the two positions using Laplace equation. The pressure differences for each of the three cases (liquid jet flow, liquid column on solid surface and liquid column in parallel-plate channel) are obtained and shown in Fig. 3 . For the detailed calculation, refer to Isenberg [25] . For the liquid column of jet flow and that on the solid surface, the small perturbations grow if their wavelengths are longer than and , respectively. Then, the liquid columns break up into droplets. In fact, these conditions are in agreement with Chandrasekhar [26] and Schiaffino and Sonin [27] , respectively. On the other hand, the pressure difference for the long liquid column in the parallel-plate channel is positive definite, i.e., the liquid column is stable. Any small perturbation or disturbance decays away and the liquid column would keep its shape. Compared to the liquid column on the solid surface, the liquid in the parallel-plate channel has additional confining plate on top, which makes the liquid stable against small perturbations. This means that cutting and creating droplets in the present channel configuration require a large displacement of liquid, unlike on open surface [24] , where droplets are formed spontaneously by instability.
D. Droplet Formation: Cutting a Droplet
At the end of the previous section, we concluded that droplets must be formed by actively inducing a large displacement of liquid. Consider a simple case of droplet formation: dividing a droplet into two. Fig. 4 schematically describes how a droplet can be cut by changing the wetting property locally (e.g., through EWOD). When cutting is in order, the droplet is elongated in the longitudinal direction by making the two ends wetting and keeping the middle nonwetting, thus pinching in the middle. Initially a droplet, shown by dotted lines, occupies the entire middle electrode as well as a portion of each control electrode at the ends. In the present cutting configuration, we consider the case where the diameter of the squeezed droplet in the top view [see Fig. 4(a) ] is approximately equal to the diagonal length of the control electrode. Note that the liquid droplet contacts the top plate as well, enabling the electrical circuit to be closed. During stretching, the left and right electrodes are energized so the contact angles above them reduce according to (3) , resulting in an increase of the radii of curvature in Fig. 4(c) . In the mean time, the middle electrode is floated or grounded, keeping the middle section hydrophobic. As a result, the meniscus on the middle electrode starts to contract to keep the total volume of the droplet constant. That is, cutting is initiated by the elongation of the droplet in the longitudinal direction and necking [negative , shown in Fig. 4 (a)] in the middle of the droplet.
To cut a droplet efficiently and reliably, it is important to understand the physics of the cutting process. Let us first derive the relation among physical parameters. The radius of the meniscus curvature in a given region of the droplet is geometrically related to the local contact angles and the channel gap .
(5) (6) where indicates contact angle on the top plate, contact angle on the bottom plate, the principal radii of curvature as shown Figs. 4(b) and 4(c), subscript 1 parameters in the middle region of the droplet and subscript 2 in the end regions of the droplet. These relations were derived based on the assumption that the meniscus shape in Fig. 4 (b) and 4(c) is a circular arc because the effect of gravity force is negligible in the microscale we are interested in. Using Laplace equation, the pressures can be described by the principal radii of curvature at points 1 and 2: (7) (8) where is the principal radius of curvature as shown in Fig. 4(a) and atmosphere pressure. In static equilibrium, the pressure should be equal inside the droplet, and and can be substituted with channel gap and contact angles using (5) and (6)
Finally, the channel gap is related to contact angle difference and radii of curvature (10) Note that the contact angle on the top plate is cancelled out. Equation (10) provides an important criterion for cutting a droplet. The cutting is initiated by necking in the middle of the droplet, which means the radius becomes negative. This condition can be satisfied with a large contact angle change (i.e., large positive value of by EWOD), a small channel gap , or a large radius at the end regions of the droplet. As the ratio between the projection diameter of the initial droplet and electrode size is maintained as shown in Fig. 4(a) , the radius is proportional to the droplet size and roughly determined by the size of the control electrode; the larger the control electrodes, the larger radius will be. Also note that in this analysis the effect of contact angle hysteresis (i.e., the difference between advancing and receding angles), far from being negligible in practice, is not taken into account for the sake of simplicity.
The contact angle change by EWOD on the left or right electrode can be represented with the applied electric potential using (3): (11) where denotes the applied potential across the bottom dielectric layer. On the middle electrode, the contact angle does not change because no electric potential is applied there, that is, the contact angle is equal to . Thus, the contact angle difference in (10) can be described by the contact angle change by EWOD on the right or left electrode: (12) By substituting (12) into (10), we can obtain the direct relation among , the radii of curvature and , the dielectric constant and thickness of the dielectric layer, and the channel gap : (13) However, it is difficult to estimate in the present channel system, which may not be equal to the total voltage applied in the channel system. In addition, contact angle saturation [28] , [29] , where the contact angle ceases to decrease with increasing applied voltage, is not taken into account in (3). Therefore, in order to predict the channel gap required to cut a droplet under given parameters, we need to measure how much contact angle change is made by EWOD in the given channel configuration through experiments and use (10).
III. CONTACT ANGLE DATA FOR THE GIVEN CHANNEL CONFIGURATION
A. Contact Angle Measurement
Measurements of the contact angle change by EWOD are made in a sessile drop using an optical contact angle measurement system developed for small droplets (First Ten Angstroms, FTA 4000A). The sessile drop is placed on the same dielectric layers as used in the droplet cutting. The platinum ground electrode is penetrated into the droplet from the top, and the electrical potential is applied between the liquid and the electrode underneath the dielectric layers as shown in Fig. 2 . The data are in reasonably good agreement with (3), except for the saturation region, as shown in Fig. 5 . The contact angle parabolically decreases as the applied potential increases until the contact angle is saturated at about 80 . The reason for the saturation is not clearly understood as of today. Verheijen and Prins [28] proposed the charge trapping in the dielectric layer could induce the saturation, and Peykov et al. [29] showed that the contact angle saturated when the solid-liquid surface energy became zero. In any case, there exists a limitation in the contact angle change by EWOD, beyond which higher potential does not decrease the contact angle any further. Basically, this limitation gives rise to the criterion in the cutting process with EWOD.
In the channel system, as mentioned in the previous section, in (11) - (13) is not the total voltage applied to the channel system, but the voltage across the dielectric layers on the bottom plate. In principle, the total voltage drop in the channel system consists of the voltage drop across the dielectric layers on the bottom surface, plus that across the dielectric layers on the top surface, if the electric resistance of the water droplet is negligible compared to that of the dielectric layers. We have considered two channel systems: Channel I [see Fig. 6 while Channel II has a 200 Å Teflon layer over an 1000 Å silicon dioxide layer for both the top and bottom surfaces. That is, Channel I is asymmetric and Channel II is symmetric in the way dielectric layers are fabricated on the top and bottom surfaces. In Channel I, it turns out that the voltage drop across the dielectric layer on the top surface is negligible because the Teflon layer is very thin. Fig. 6(a) shows the contact angle change in Channel I by EWOD with the total applied voltage of 25 V. The contact angle on the bottom surface changes from 117 to 90 , while the contact angle change on the top surface is less than 3 . Considering that the uncertainty of the measurement system is 3 , we can assume that the contact angle change on the top surface is negligible, indicating the voltage drop across the top dielectric layer is also negligible. Thus, in Channel I, the voltage drop across the dielectric layers on the bottom surface is almost equal to the total voltage drop in the channel system.
On the other hand, in Channel II where the top surface has the same dielectric layers, the voltage drop across dielectric layers on the top surface is equal to that across the dielectric layers on the bottom surface. Fig. 6(b) shows the contact angle changes with the total applied voltage of 100 V . Note that negative curvature can be achieved with high voltage. After the wetting occurs, the contact angles on the top wall and the bottom wall are the same, indicating that voltage drops are also equal across the top and bottom layers. This experiment also confirms the argument in the earlier section that, in EWOD, the polarity of the applied potential does not affect the contact angle change. For the given contact angle change, cutting occurs if d=R < 0:22, which corresponds, for example, to d < 154 m for 1.4 mm21.4 mm electrodes.
B. Droplet Cutting
The channel we used for droplet cutting is Channel I, i.e., the top surface is coated only with a very thin Teflon layer. Based on the contact angle measurements, the operating point for cutting is chosen at the total applied voltage of 25 V , where saturation of EWOD is about starting. In this case, the contact angles in (9)-(12) will be and as shown in Fig. 6(a) . Based on this contact angle change, the relation between the channel gap and radius of curvature is calculated using (10), as illustrated in Fig. 7 . If is higher than 0.45 (over dotted line in Fig. 7) , is positive and asymptotically approaches , which means the droplet maintains a roughly circular shape without necking. However, if is lower than 0.45, becomes negative, resulting in the necking in the middle of the droplet. That is, the smaller channel gap and the larger droplet (larger electrode) are favorable to cutting. Let us estimate the required channel gap needed for successful cutting under a given droplet size (electrode size) and a contact angle change. For square control electrodes we reason that for the two necking menisci meet and pinch off the droplet, should be roughly a half length of the control electrode side and should also be about the same length but of the opposite sign. Then, is 1, and we can see that is 0.22 from Fig. 7 . For successful cutting, therefore, should be lower than 0.22. For example, if a control electrode is 1.4 mm 1.4 mm, the channel gap should be smaller than m mm for successful cutting. Although this estimation is made under many approximations, it clearly indicates the directions for how the device should be designed. The criterion is found to be in good agreement with the experiments, as will be shown in the next section.
IV. FABRIACATION AND DEVICE TESTS
A. Fabrication of Testing Devices
A low-voltage operation is desirable for driving liquids with conventional electric circuits. The fabrication of testing devices is focused on the selection of dielectric layers to reduce the driving voltage. For a given liquid, (3) implies that the electric potential required to generate a certain contact angle change can be reduced by using a thin dielectric layer or a high dielectric-constant layer. Following the above indication, we make the dielectric layer as thin as possible: 200 Å Teflon on the top of 1000 Å silicon dioxide. However, this combination of two layers sometimes causes high resistance against droplet movement. This phenomenon is not clearly understood yet and under investigation with different Teflon coating methods. We speculate that contact angle hysteresis is highly dependent on the condition of the coated Teflon layer. In order to circumvent the inconsistent coating effect, we first identified good dice that show good repeatability after preliminary EWOD testing. Devices made with known-good-dice give us good repeatable EWOD actuations at as low as 25 V , which is much lower than the previously reported EWOD actuation voltages in air (over 50 V) [10] , [12] [13] [14] , [16] , [17] . After several tens of repeatable actuations the testing device still showed a good performance. Furthermore, there was no significant degradation on the testing device even after months of storage or usage. All four fundamental fluidic operations are accomplished at 25 V under this double layer condition. Thinner layers, however, are susceptible to electrolysis. When a very high dielectric-constant material such as Barium Strontium Titanate (BST, dielectric constant: 200-300) is deposited by a commercial MOCVD (metal organic chemical vapor deposition), we are able to reduce the operation voltage down to 15 V . For more details, refer to Moon et al. [23] . Fig. 8 shows schematic figures of the fabricated testing device. For the control electrode, 100 Å chromium and 700 Å platinum are evaporated on a glass substrate and patterned by wet etching. Many sets of testing devices with three different sizes of the control electrode (1.4 mm 1.4 mm, 1.0 mm 1.0 mm, and 0.7 mm 0.7 mm) are fabricated. However, most fluidic operations are tested on 1.4 1.4 mm electrodes. The inter-digitated fingers [10] are placed between adjacent electrodes to help facilitate continuous movement of droplets, although this was later found unnecessary for most cases. As a first dielectric layer, a 1000 Å LTO (low temperature oxide) layer is deposited by LPCVD (low pressure chemical vapor deposition). This deposition technique gives a better step coverage compared to PECVD (plasma enhanced chemical vapor deposition) so that the current leakage through the dielectric layers and the problem of electrolysis can be minimized. Then, a 200 Å Teflon AF layer is spin-coated on the oxide layer. This Teflon AF layer acts as the dielectric layer as well. The total capacitance is the serial combination of two dielectric layers. The entire area of the cover glass is coated with a transparent and conductive ITO (indium tin oxide, square) as a ground electrode. Then, a 200 Å Teflon AF layer is also spin-coated on the ITO covered top cover glass to make the surface hydrophobic. A spacer, for which we use a thick photoresist (NR9-8000) or double-stick tapes, is only to define the gap between the top and bottom plates in the parallel-plate channel; there is no side wall defining the channel. The channels 70, 150, and 300 m in gap size are tested. Liquid (deionized water, M -cm) is placed and squeezed in the gap space between the substrate and the glass cover. Liquid vol- umes of droplets for each testing case are measured by multiplying the channel gap by the projection area of the droplet to the plate. The applied potential is adjusted by a power supply and the activation signals are controlled by a personal computer. Fig. 9 shows a series of experiments performed to verify the theory of droplet cutting. First, the channel gap effect is investigated with 1.4 mm 1.4 mm control electrodes and 25 V applied potential. In the case of the 300 m channel gap, cutting of a droplet is not realized. The droplet shape is shown in Fig. 9(a) after the droplet reaches the static equilibrium. The necking did not occur even at 32 V, over which electrolysis and electric breakdown occurred. When the gap is reduced to 150 m, we can see a necking in the middle of the droplet, where the two concave menisci are very close [see Fig. 9(b) ]. When the channel gap further goes down to 70 m, the necks are pinched off and cutting can be achieved as shown in Fig. 9(c) . Sequentially captured pictures for complete cutting process are shown in Fig. 10 . The neck shape is initially formed and then pinched [see Fig. 10(b) ], and finally the droplet is cut into two droplets [see Fig. 10(c) ]. After the electric potential is turned off, the separated droplets are relaxed to circular shapes. Total cutting process takes only 8/30 s. This small channel gap requirement for successful cutting also helps slowing evaporation of liquid droplet. For sealed devices, which is more typical in real application, the inner volume is expected to be saturated with humidity by extremely small volume of liquid evaporation (e.g., 10-100 pl) [14] .
B. Droplet Cutting
In addition to the test of the channel gap variation above, the effect of the droplet size (electrode size) is also investigated. As shown in Fig. 9(d) and (e), for a given channel gap ( m), the cutting becomes more difficult with smaller electrodes. All the conditions except electrode size are maintained the same as those in Fig. 9(c) . Moreover, we can see the extent of the necking decreasing as the electrode size becomes smaller from 1 mm [see Fig. 9(d) ] to 700 m [see Fig. 9(e) ]. This trend agrees with (10).
C. Droplet Merging
Merging droplets is essential for mixing in many microfluidic devices [16] , [19] . Fig. 10 shows that merging is achieved by moving two droplets toward each other. The merging process, although opposite to cutting, does not follow the reverse procedure of cutting [see Fig. 10(c)-(e) ]. Note that there is no state of necking involved during the merging process. Also note in Fig. 10(d) -(e) that the droplet shape does not relax to a circle even after all electrodes are turned off. This phenomenon is more likely to occur in a smaller channel gap and larger droplet, where the effect of contact angle hysteresis becomes more apparent. We speculate that contact angle hysteresis hinders the movement of the three-phase contact line and prevents the formation of a complete circle. This effect, heavily dependent on surface condition, is often significant in surface-tension-driven flows. 
D. Droplet Creating From a Reservoir
To generate droplets from an on-chip reservoir, liquid needs to be first pulled out of the reservoir and separated from it. This process is highly related with cutting process, and a smaller channel gap makes the droplet creation easier. However, the creation process becomes more difficult when a large reservoir is placed between the parallel channel plates. There exists only a weak force holding the liquid back, i.e., a weak reaction force against the force pulling the liquid out especially if electrowetting is not effective on the surface inside the reservoir. When the front meniscus is pulled out of the reservoir by EWOD, the liquid may continue to follow the leading meniscus to some extent, forming a long liquid column. The cutting location depends on the initial shape of the meniscus in the reservoir, on the surface condition, and on how the control electrodes are activated. Fig. 11 shows droplets can be created from a large reservoir droplet (2-3 l in volume) by pulling liquid out along the electrode path. The reservoir droplet is squeezed between channel plates without any confined sidewalls, as drawn in Fig. 11(a) . The sizes of tested reservoir droplets are kept comparable for all the creation tests in this paper. A pair of electrodes is sequentially activated from the left all the way to the right with one electrode overlapping with the previous pair. The two electrodes marked "side electrode" are not used in this experiment. The switching interval is 0.7 second. However, it is rather unpredictable how far to the right the liquid needs to be pulled out before a droplet is created. Usually, 5 to 7 control electrodes are used to complete the droplet creation as shown in Fig. 11(a) and (b). This seems to be greatly affected by the initial condition of meniscus. For example, in case the first electrode at the reservoir entrance remains activated throughout the pullout, the liquid column is stretched even longer and cannot be separated even when all 7 electrodes (excluding the first electrode at the reservoir entrance) are used in the process, as shown Fig. 11(c) .
The above problem of unpredictable separating location is overcome by introducing two side electrodes beside the main fluid path (see Fig. 12 ). By actively pulling the liquid sideways from the main fluid path, the liquid can be virtually pulled back, enhancing the necking [second and third pictures from top in Fig. 12(a) ]. The use of side electrodes method makes the creation of droplets more consistent. Fig. 12(a) shows that two droplets are consecutively generated at a fixed location with side electrodes, and they are almost equal in size (two electrode size, approximately 270 nl in volume). Note in the first picture of Fig. 12(a) that a long liquid column (five-electrode long), after being pulled out by activating five electrodes, does not break into droplets by instability as predicted in Theory section, even after all the electrodes are turned off. The liquid column keeps its shape unless any large external force is applied. Moreover, the liquid column released from actuation does not go back into the reservoir droplet. This is attributed to contact angle hysteresis. Since the reservoir droplet is squeezed in the microscale channel gap, the pressure difference between the leading front of the liquid column and in the reservoir droplet is not large enough to overcome the meniscus pinning by contact angle hysteresis. In fact, we observed that liquid columns spontaneously go back into a reservoir when liquid in the reservoir is exposed to air through a large hole (1.5 mm in diameter) drilled through the top cover glass (i.e., large pressure difference). The size of the droplet is determined by how many electrodes are activated simultaneously. Fig. 12(b) shows a three-electrode size droplet is generated when three electrodes near the leading meniscus are activated at the same time.
The side-electrodes are also effective for droplet creation from a large droplet liquid confined by the reservoir wall (not shown), which represents real applications better than previous case of the large droplet reservoirs squeezed in the channel gap without physical boundary. These side-electrodes present two main advantages in droplet creation: 1) controllable cutting location by changing the position of side electrodes and 2) no control electrodes required in the reservoir because it is not necessary to pull liquid back with EWOD actuation. It is interesting to note that if the entire inner surface of the reservoir is made hydrophobic, all liquid can be taken out by EWOD with no dead volume remaining in the reservoir.
E. Droplet Transporting
Transporting is verified by sequentially energizing the electrode beneath the leading meniscus of the droplet. Fig. 12(b) includes the images of a droplet being transported after being created from the reservoir. Pollack et al. [17] showed that the movement of droplet is initiated at around 48 V and thereafter the droplet is repeatedly transported. In the present study, we can initiate to move a droplet at a much lower applied potential, about 18 V. At 25 V, we can get repeatable transport action of droplets. The combination of the thin Teflon and oxide layers enables this low voltage operation. Furthermore, we found that when high-voltage ac potential ( 150 V) is applied, the transporting speed increases up to 250 mm/s [18] , one order of magnitude faster than previously reported [10] , depending on the frequency of the ac potential and the channel gap.
V. CONCLUSION
In this paper, we report the completion of all four fundamental microfluidic operations as building blocks for digital microfluidic circuits: 1) cutting, 2) merging, 3) creating, and 4) transporting liquid droplets, based on electrowetting-on-dielectric (EWOD) actuation. First, cutting a single droplet in a parallel-plate microchannel is achieved. Through theoretical analysis, we derive the relation among the contact angle change by EWOD, the channel gap and the droplet size. This relation reveals that a smaller channel gap, a larger droplet and a larger contact angle change make droplet cutting easier. Experimental verifications for these criteria are made by fabricating and testing devices with different channel gaps (70, 150, and 300 m) and control electrodes (1.4 mm 1.4 mm, 1.0 mm 1.0 mm and 0.7 mm 0.7 mm) at 25 V applied voltage. For electrodes of 1.4 mm 1.4 mm, a droplet is successfully cut into two when the channel gap is reduced to 70 m. It has also been verified that for a given channel gap cutting becomes easier as the electrode size increases. Second, merging, a reverse process of cutting and essential for microfluid mixing, is realized by moving two droplets toward each other. Third, the challenge associated with droplet creation by pulling a liquid column out of reservoir is discussed. This is improved by pulling the liquid side ways from the main fluid path using side electrodes. Finally, droplet transporting is demonstrated. All four fluidic operations (creating, transporting, cutting and merging droplets) are achieved in air environment at the applied voltage of 25 V , much lower than the EWOD actuation voltages previously reported.
